1  t 


V 


AD 


Award  Number:  DAMD17-01-1-0172 


TITLE:  A  Novel  Molecular  Target  for  Breast  Cancer  Prevention  and 

Treatment 

PRINCIPAL  INVESTIGATOR:  Xiao-kun  Zhang,  Ph.D. 

CONTRACTING  ORGANIZATION:  The  Burnham  Institute 

La  Jolla,  California  92037 

REPORT  DATE:  June  2002 

TYPE  OF  REPORT:  Annual 


PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  Public  Release; 

Distribution  Unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are 
those  of  the  author (s)  and  should  not  be  construed  as  an  official 
Department  of  the  Army  position,  policy  or  decision  unless  so 
designated  by  other  documentation. 


t 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  074-0188 


1.  AGENCY  USE  ONLY  (Leave  blank) 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining 
the  data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for 
reducing  this  burden  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302,  and  to  the  Office  of 
Management  and  Budget,  Paperwork  Reduction  Project  (0704-0188),  Washington,  DC  20503 . . .  . . . 


2.  REPORT  DATE  3.  REPORT  TYPE  AND  DATES  COVERED 

June  2002  Annual  (1  Jun  01-31  May  02)  _ 


4.  TITLE  AND  SUBTITLE  5.  FUNDING  NUMBERS 

A  Novel  Molecular  Target  for  Breast  Cancer  DAMD17-01-1-0172 

Prevention  and  Treatment 


6.  AUTHOR(S) 

Xiao-kun  Zhang,  Ph.D. 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

The  Burnham  Institute 
La  Jolla,  California  92037 

E-Mail:  xzhang@burnham.org 


9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


10.  SPONSORING  /  MONITORING 
AGENCY  REPORT  NUMBER 


11.  SUPPLEMENTARY  NOTES 

report  contains  color 


20021230  194 


12a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  Public  Release;  Distribution  Unlimited 


12b.  DISTRIBUTION  CODE 


13.  ABSTRACT  (Maximum  200  Words) 

TR3  is  an  orphan  member  of  the  steroid/ thyroid/retinoid  receptor  superfamily  and  is  known 
to  induce  apoptosis  of  cancer  cells .  We  have  investigated  the  mechanism  of  TR3-mediated 
apoptosis  in  breast  cancer  cells.  Our  results  demonstrate  that  TR3  exerts  its  apoptotic 
effect  in  breast  cancer  by  translocating  from  the  nucleus  to  mitochondria  in  response  to 
apoptotic  retinoids.  We  have  also  identified  a  new  apoptotic  retinoid  MM002  that 
effectively  induces  TR3  mitochondrial  targeting  and  apoptosis  of  breast  cancer  cells.  In 
studying  the  mechanism  by  which  TR3  migrates  from  the  nucleus  to  the  cytoplasm,  we  found 
that  the  migration  of  TR3  from  the  nucleus  to  the  cytoplasm  requires  RXR  through  their 
heterodimerization.  We  also  observed  that  RXR  contains  a  nuclear  export  sequence  that  is 
required  for  its  cytoplasmic  localization  and  is  regulated  by  RXR  ligands.  Furthermore, 
we  discovered  that  TR3  can  physically  interacts  with  Bcl-2  and  that  Bcl-2  acts  as  a 
mitochondrial  receptor  of  TR3  and  is  required  for  apoptotic  effect  of  TR3  in  breast  cancer 
cells.  Our  results  not  only  enhance  our  understanding  of  the  molecular  mechanism  by  which 
TR3  exerts  its  apoptotic  effect  in  breast  cancer  cells  but  also  provide  novel  approaches 
to  induce  apoptosis  of  Bcl-2-expressing  breast  cancer  cells. 


14.  SUBJECT  TERMS 

breast  cancer,  TR3 ,  apoptotic  retinoid 


17.  SECURITY  CLASSIFICATION  18.  SECURITY  CLASSIFICATION  19.  SECURITY  CLASSIFICATION 
OF  REPORT  OF  THIS  PAGE  OF  ABSTRACT 

Unclassified  Unclassified  Unclassified 


NSN  7540-01-280-5500 


15.  NUMBER  OF  PAGES 

23 


16.  PRICE  CODE 


20.  LIMITATION  OF  ABSTRACT 


Unlimited 


Standard  Form  298  (Rev.  2-89) 

Prescribed  by  ANSI  Std.  Z39-18 
298-102 


1 


l 


TABLE  OF  CONTENTS 


Page  Numbers 

Front  Cover .  1 

Standard  Form  298 .  2 

Table  of  Contents .  3 

Introduction .  4 

Body .  4 

Key  Research  Accomplishments .  4 

Reportable  Outcomes .  13 

Conclusions .  13 

References .  14 

Appendices .  15 


3 


P.I.:  Zhang,  Xiao-kun 


INTRODUCTION 

Breast  cancer  is  the  most  prevalent  cancer  in  women  and  it  has  the  second  highest  mortality 
rate  for  U.S.  women.  The  only  available  drug  for  breast  cancer  chemoprevention  for  women  at 
risk  is  the  antiestrogen  tamoxifen.  Unfortunately,  responsiveness  to  tamoxifen  decreases  as  breast 
cancer  cells  lose  their  estrogen  dependence  for  growth.  The  lack  of  therapies  for  estrogen- 
independent  breast  cancer  has  contributed  to  the  increased  mortality  rates  for  the  last  20  years. 
Novel  therapies  are  therefore  urgently  needed. 

Retinoids,  analogs  of  vitamin  A,  are  promising  chemopreventive  agents  for  breast  cancer. 
Unfortunately,  classical  retinoids,  such  as  all-trans  retinoic  acid  (RA),  did  not  show  therapeutic 
benefit  in  preventing  the  occurrence  of  breast  cancer,  especially  in  patients  with  hormone  refractory 
breast  cancer  (1,2).  Recently,  a  new  class  of  synthetic  retinoids  related  to  6-[3-(l-adamantyl)-4- 
hydroxyphenyl]  -2-naphthalene  carboxylic  acid  (AHPN/CD437)  were  found  to  potently  induce 
apoptosis  of  both  hormone-dependent  and  -independent  breast  cancers  (  3,4),  indicating  that  it 
may  be  representative  of  a  novel  class  of  compounds  suitable  for  treatment  of  estrogen-independent 
breast  cancers.  We  subsequently  showed  that  TR3,  an  orphan  member  of  the 
steroid/thyroid/retinoid  receptor  superfamily,  is  required  for  induction  of  apoptosis  of  lung  and 
prostate  cancer  cells  by  AHPN/CD437  and  other  apoptotic  stimuli  (5,6).  Moreover,  we  discovered 
that  TR3,  in  response  to  apoptosis  stimuli,  is  translocated  from  the  nucleus  to  the  cytoplasm, 
where  it  targets  mitochondria  to  induce  cytochrome  c  release  and  apoptosis  in  LNCaP  prostate 
cancer  cells  (6). 

The  objective  of  this  application  is  to  develop  evidence  that  TR3  is  a  suitable  molecular 
target  for  developing  drugs  against  estrogen-independent  breast  cancer.  In  the  proposed  studies, 
we  plan  to  establish  whether  TR3  is  required  for  proliferation  and  apoptosis  of  breast  cancer  cells 
in  response  to  various  stimuli.  We  will  also  determine  whether  the  novel  nuclear-to-mitochondrial 
pathway  for  apoptosis  occurs  in  breast  cancer  cells.  In  addition,  we  will  study  mechanism  by 
which  translocation  of  TR3  from  the  nucleus  to  cytoplasm  is  regulated  by  studying  effect  of 
phosphorylation.  Furthermore,  we  will  study  physical  interactions  between  TR3  and  Bcl-2  and  its 
effect  on  Bcl-2-mediated  mitochondrial  and  post-mitochondrial  activities.  Results  from  these 
studies  will  provide  evidence  whether  TR3  is  a  suitable  molecular  target  for  developing  drugs  for 
breast  cancer  prevention  and  treatment. 

KEY  RESEARCH  ACCOMPLISHMENTS 

In  the  past  funding  year,  we  have  conducted  various  experiments  to  address  the  specific 
aims  proposed  in  the  grant  application  and  have  made  significant  progress  as  described  below. 

1.  The  novel  nuclear-to-mitochondrial  pathway  for  apoptosis  in 
breast  cancer  cells 

Expression  of  TR3  and  its  regulation  in  breast  cancer  cells.  Our  previous 
results  indicate  that  TR3  expression  is  required  for  AHPN-induced  apoptosis  of  human  lung  cancer 
and  prostate  cancer  cells  (5,6).  We  also  showed  that  TR3  was  expressed  in  both  estrogen- 
dependent  ZR-75-1  and  -independent  MDA-MB-231  cells  (7).  Taking  into  account  that 
AHPN/CD437  effectively  induces  apoptosis  of  both  types  of  breast  cancer  cell  lines,  we 
investigated  the  possible  role  of  TR3  in  this  process.  The  AHPN/CD437  analog  SRI  1453 
(MM 11453)  that  effectively  induces  apoptosis  of  estrogen-dependent  and  -independent  breast 
cancer  cells  (data  not  shown)  was  used  to  treat  MDA-MB-231  breast  cancer  cells.  TR3  expression 
in  the  cells  was  analyzed  by  Northern  blotting.  Figure  1  shows  that  upon  SRI  1453  treatment, 
TR3  expression  was  significantly  induced.  TR3  expression  was  also  induced  by  another 
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apoptosis-inducing  retinoid  (SRI  1384),  TPA,  and  the  mitogenic  agent  epidermal  growth  factor 
(EGF). 


Figure  1.  Induction  of  TR3  expression  by  SRI  1453  and  other  apoptotic 
and  mitogenic  stimuli.  Total  RNAs  were  prepared  from  MDA-MB-231  cells  treated  with 
MM1153  (10'6M),  SRI  1384  (MM11384)(10'6M),  TPA  (100  ng/ml)  or  EGF  (200  ng/ml)  for  3  h 
and  analyzed  by  Northern  blotting. 

AHPN/CD437  analog  SRI  1453  causes  disruption  of  mitochondrial 
membrane  potential  (A\|/m).  We  also  studied  A\|/m  in  breast  cancer  cells  treated  with  or 
without  SRI  1453  using  Rhl23.  As  shown  in  Figure  2,  SRI  1453  induced  significant  increases  in 
the  percentage  of  cells  experiencing  A\|/m  loss.  Disruption  of  A\|/m  was  observed  in  both 
estrogen-dependent  MCF-7  and  -independent  MDA-MB-231  cells.  Thus,  induction  of  apoptosis 
by  AHPN/CD437  analog  SRI  1453  involves  mitochondrial-mediated  apoptotic  pathway. 


Figure  2.  SRI 1453  disrupts  A\|/m.  The  indicated  cells  were  treated  with  or 
without  10-6  M  SRI  1453  for  18  h.  Cells  were  then  incubated  with  Rhl23  for  30  min  and 
analyzed  by  a  FACScalibur  cytometery.  The  percent  of  cells  fluorescencing  within  the 
range  of  Rhl23  were  considered  as  depolarized. 

Mitochondrial  localization  of  TR3  in  breast  cancer  cells.  To  study 
whether  the  TR3  nuclear-to-mitochondrial  targeting  pathway  occurs  in  breast  cancer  cells, 
we  transfected  a  green  fluorescent  protein  (GFP)-TR3  fusion  construct  into  MDA-MB-231 
cells.  The  GFP-TR3  fusion  protein  was  predominately  present  in  the  nucleus  in 
nonstimulated  cells.  However,  upon  treatment  with  SRI  1453  and  SRI  1384,  GFP-TR3 
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translocated  to  mitochondria  (Figure  3).  Furthermore,  GFP-TR3/ADBD  (a  mutant  that 
lacks  the  DNA-binding  domain)  was  targeted  to  mitochondria  in  MDA-MB-231  and  ZR- 
75-1  cells  in  the  absence  of  any  treatment  to  cause  cytochrome  c  release  (Figure  4). 

Hsp60  GFP-TR3  overlay 


Figure  3.  TR3  is  targeted  to  mitochondria  in  MDA-MB-231  cells  in  response  to  an 
apoptosis  inducer.  GFP-TR3-transfected  MDA-MB-231  cells  were  treated  with  or  without 
SRI  1453  (lO^M)  or  SRI  1384  (10'6M)  for  1  h,  then  immunostained  with  anti-Hsp60  antibody 
(Sigma),  followed  by  Cy3-conjugated  secondary  antibody  (Sigma)  to  detect  mitochondria. 
GFP-TR3  and  mitochondria  (Hsp60)  were  visualized  using  confocal  microscopy,  and  the  two 
images  were  overlaid  (see  Overlay). 

Hsp  GFP-TR3/ADBD  Overlay  Cyt  c 


MDA-MB231 


ZR-75-1 


Figure  4.  Mitochondrial  targeting  of  TR3/ADBD  is  associated  with 
cytochrome  c  release.  GFP-TR3/ADBD  was  transiently  transfected  into  ZR-75-1  or  MDA- 
MB-231  cells,  which  were  stained  for  mitochondria  (Hsp60)  and  cytochrome  c  (Cyt  c),  and 
analyzed  by  confocal  microscopy. 

MM002  induces  mitochondrial  localization  of  endogenous  TR3  in  MDA- 
MB-231  cells.  AHPN  analog  MM002  effectively  induces  apoptosis  in  breast  cancer  cells  and 
retarded  breast  tumor  growth  in  murine  models  (data  not  shown).  To  determine  whether  this  new 
AHPN  analog  functioned  through  TR3,  MDA-MB-231  cells  were  treated  with  MM002  and  cellular 
localization  of  endogenous  TR3  was  analyzed  by  confocal  microscopy.  Figure  5  shows  that  the 
endogenous  TR3  was  found  exclusively  in  the  cytoplasm  and  colocalized  with  mitochondria  in 
MM002-treated  cells.  Thus,  the  anti-breast  cancer  activities  of  MM002  may  be  mediated  by  TR3 
mitochondrial  localization. 
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TR3  Hsp60  Overlay 


Control 


MM0Q2 


Figure  5.  A  new  AHPN  analog  MM002  induces  mitochondrial  localization 
of  endogenous  TR3  in  MDA-MB-231  cells.  MDA-MB-231  cells  were  treated  with  or 
without  MM002  (lO^M)  for  1  h,  then  immunostained  with  anti-TR3  antibody  (Geneka)  followed 
by  Cy3-conjugated  secondary  antibody  to  detect  endogenous  TR3,  or  with  anti-Hsp60  antibody 
followed  by  Cy5-conjugated  secondary  antibody  (Sigma)  to  detect  mitochondria.  TR3  and 
mitochondria  (Hsp60)  were  visualized  using  confocal  microscopy,  and  the  two  images  were 
overlaid  (overlay). 

Subcellular  localization  of  TR3  correlates  with  apoptosis  of  mammary 
tumor  cells.  We  studied  cellular  localization  of  TR3  expressed  in  mammary  tumors  derived 
from  transgenic  mice  bearing  polyomavirus  middle  T  antigen  (kindly  provided  by  Dr.  W.  Muller). 
The  tissue  sample  was  also  analyzed  by  the  TdT  assay  for  apoptosis.  TR3  was  localized  in  the 
cytoplasm  in  cells  undergoing  extensive  apoptosis,  while  it  was  found  in  the  nucleus  in 
nonapoptotic  cells  (Figure  6).  Thus,  subcellular  localization  of  TR3  may  also  play  a  role  in 
regulating  apoptosis  in  tumors. 


TR3  TdT  Overlay 


Figure  6.  Correlation  between  TR3  subcellular  localization  and  apoptosis  in  a 
mammary  tumor.  Mammary  tumor  tissue  from  transgenic  mice  bearing  polyomavirus  middle  T 
antigen  was  stained  with  anti-TR3  antibody  followed  by  Cy3-conjugated  secondary  antibody  to 
detect  TR3  expression  and  subcellular  localization  by  confocal  microscopy.  The  tissue  was  also 
analyzed  by  the  fluorescein-conjugated  TdT  enzyme  (Oncogene)  to  detect  DNA  fragmentation 
(TdT-labeled  cells  are  indicated  by  green  color).  The  two  images  were  overlaid  (overlay)  to  assess 
the  correlation  between  apoptosis  and  TR3  subcellular  localization. 

Together,  our  studies  demonstrate  that  retinoid-related  AHPN/CD437  analogs  can 
effectively  induce  apoptosis  of  breast  cancer  cells  through  a  mitochondria-dependent  pathway. 
Moreover,  our  data  show  that  migration  of  orphan  receptor  TR3  from  the  nucleus  to  mitochondria 
is  involved  in  mediating  apoptotic  effect  of  AHPN/CD437  analogs. 
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2.  Regulation  of  TR3  mitochondrial  targeting. 

Regulation  of  TR3  nuclear  export  by  RXR  and  its  ligands.  How  TR3 

translocates  from  the  nucleus  to  mitochondria  to  induce  cytochrome  c  release  is  unknown. 
Previous  studies  demonstrated  that  retinoid  X  receptor  (RXR)  is  required  for  its  ligand  9-cis-RA  to 
inhibit  activation-induced  apoptosis  of  T-cells  and  thymocytes  (8,9).  TR3  is  known  to 
heterodimerize  with  RXR  (10,11).  To  determine  the  effect  of  RXR  and  its  ligands  on  TR3- 
dependent  apoptosis,  we  studied  the  cellular  localization  of  RXR  in  response  to  the  apoptosis- 
inducing  agent  TPA  in  LNCaP  prostate  cancer  cells.  RXR  was  found  exclusively  in  the  nucleus  in 
the  absence  of  treatment.  However,  when  cells  were  treated  with  TPA,  RXR  translocated  to  the 
cytoplasm,  where  it  colocalized  with  mitochondria  (Figure  7A).  Pretreatment  of  cells  with  RXR 
ligands  9-cis-RA  or  SRI  1237  prevented  RXR  mitochondrial  localization.  Mitochondrial 
localization  of  RXR  was  also  demonstrated  by  Western  blotting,  showing  accumulation  of  RXR  in 
cells  treated  with  apoptotic  stimuli  TPA  and  MM11453  (Figure  7B).  The  mitochondrial 
localization  of  RXR  depended  on  TR3  expression,  as  RXR  failed  to  reside  on  mitochondria  in  cells 
expressing  TR3-antisense  RNA  (Figure  7C).  These  results  suggest  that  RXR  may  target 
mitochondria  as  a  TR3/RXR  heterodimer. 


Control  +  9-cis  RA 


Figure  7.  Localization  of  RXR  in  mitochondria  in  a  TR3-dependent  manner. 

A.  Regulation  of  RXR  mitochondrial  localization  by  apoptosis  inducer  TPA  and  RXR  ligands. 
LNCaP  cells  were  pre-treated  with  or  without  RXR  ligands  9-cis  RA  (10'7  M)  or  SRI  1237  (10-6 
M)  for  12  hr  before  TPA  treatment  (1  hr),  then  immuno-stained  with  anti-RXR  antibody  followed 
by  Cy3-conjugated  secondary  antibody  (Sigma)  to  detect  RXR,  or  with  anti-Hsp60  followed  by 
Cy5-conjugated  secondary  antibody  (Sigma)  to  detect  mitochondria.  RXR  and  mitochondria 
(Hsp60)  were  visualized  using  confocal  microscopy  and  the  two  images  were  overlaid  (overlay). 

B.  Apoptotic  stimuli  induce  accumulation  of  RXR  in  mitochondria.  LNCaP  cells  were  treated  with 
TPA  (100  ng/ml)  or  MM11453  (10'6  M)  for  3  hr  in  the  absence  or  presence  of  9-cis  RA  (10'6  M), 
and  the  HM  fraction  was  analyzed  for  expression  of  RXR  by  Western  blotting.  C.  Mitochondrial 
localization  of  RXR  is  TR3  dependent.  LNCaP  cells  or  LNCaP  cells  stably  expressing  TR3 
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antisense  RNA  (TR3/Antisense)  were  treated  with  or  without  TPA  for  1  hr,  then  immuno-stained 
with  anti-RXR  antibody  followed  by  Cy3-conjugated  secondary  antibody  (Sigma)  to  detect  RXR. 

Interaction  of  TR3  with  RXR.  To  determine  how  RXR  is  involved  in  regulating  TR3 
nuclear  export  and  mitochondrial  targeting,  we  investigated  interaction  of  RXR  with  TR3  and  the 
regulation  of  TR3  nuclear  export  by  RXR  mutants.  Figure  8  showed  that  TR3  could  strongly 
interact  with  RXR,  revealed  by  the  GST-pull-down  assay.  Interestingly,  deletion  of  the  C-terminal 
end  of  RXR  did  not  affect  its  interaction  with  TR3,  while  the  same  deletion  largely  abolished  its 
interaction  with  RAR.  This  data  suggests  that  TR3  interacts  with  RXR  in  a  manner  that  is  different 
from  the  interaction  of  RAR  and  RXR.  The  significance  of  this  different  heterodimerization  in  the 
regulation  of  nuclear  receptor  export  is  currently  under  investigation. 


RXR 


EXRl-347 


3 

Cl 


DC 

K  < 
—  C£ 


i>3  4/s.  iff 

—  y  1  D  o  (!) 


Figure  8.  Heterodimerization  between  TR3  and  RXR.  RXR  and  its  C-terminal 
deletion  mutant,  RXRi-347,  were  labeled  by  35S-methinion  using  in  vitro  transcription/translation. 
Labeled  RXR  proteins  were  subjected  to  analysis  for  their  interaction  with  TR3  or  RAR  using  the 
GST-pull-down  assay.  For  control,  the  GST  protein  was  used. 

Identification  of  RXR  nuclear  export  sequence.  To  provide  more  direct  evidence 
that  RXR  plays  a  critical  role  in  the  regulation  of  TR3  nuclear  export,  a  TR3  mutant  deleted  with 
the  C-terminal  end,  TR3 1-467,  was  analyzed  for  its  subcellular  localization  when  it  was  co¬ 
transfected  into  293T  cells  with  RXR  mutants  that  are  capable  of  interacting  with  TR3  (Figure  8). 
When  TR3 1-467  was  co-expressed  with  RXRi-416,  it  was  found  exclusively  in  the  cytoplasm. 
However,  when  it  was  co-expressed  with  RXRi-347,  it  was  only  in  the  nucleus  (Figure  9).  These 
data,  therefore,  demonstrate  that  subcellular  localization  of  TR3  is  highly  regulated  by  RXR. 

,  _ GFP-TR31467  RXR  Overlay 


RXR  1416 


RXRi-347 


Figure  9.  Effect  of  RXR  mutations  on  TR3  subcellular  localization.  The  TR3 

mutant,  TR3i-467,  was  co-transfected  into  293T  cells  together  with  the  indicated  RXR  mutants  and 
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the  subcellular  localization  of  TR3  and  RXR  mutants  was  determined  by  confocal  microscopy 
analysis. 

The  above  data  suggest  that  RXR  is  actively  involved  in  nuclear  export  of  TR3  through 
their  heterodimerization.  To  further  study  the  nuclear  export  function  of  RXR,  a  number  of  RXR 
mutants  were  constructed  and  analyzed  for  their  subcellular  location  in  293T  cells  (Figure  10).  Our 
confocal  microscopy  analysis  of  these  mutants  showed  that  a  small  region  in  the  ligand-binding 
domain  of  RXR  was  localized  exclusively  in  the  cytoplasm. 

1  135  200  4B 

RXRa 


RXR222-462 


RXR323-462 


RXR323-402 


RXRa  RXR222-462  RXR32346Z  RXR323-4OZ 


Figure  10.  Mutational  analysis  of  RXR  mutants  for  their  subcellular 
localization.  RXR  mutants  fused  with  GFP  were  transfected  into  293T  cells  and  their 
subcellular  localization  was  determined  by  confocal  microscopy  analysis. 

The  observation  that  GFP-RXR323-402  was  constitutively  localized  in  the  cytoplasm 
indicated  that  sequences  required  for  RXR  nuclear  export  are  located  within  this  mutant.  To 
determine  whether  this  region  contains  a  classical  leucine-rich  nuclear  export  sequence,  GFP- 
RXR348-419  was  transfected  into  293T  cells  in  the  absence  or  presence  of  leptomycin  B  (LMB), 
which  specifically  inhibits  formation  of  a  complex  consisting  of  CRM1,  RanGTP  and  NES- 
containing  proteins.  Figure  11  showed  that  treatment  of  cells  with  LMB  completely  blocked 
cytoplasmic  localization  of  RXR349-419,  suggesting  that  nuclear  export  of  RXR  are  regulated  in  a 
CRM1  dependent  mechanism.  We  then  cloned  a  Leucine-rich  sequence  in  the  region  into  GFP- 
containing  vector,  and  the  resulting  GFP-fusion  (RXR/NES)  exclusively  resided  in  the  cytoplasm, 
while  a  similar  fusion  with  a  Leu  replaced  with  Ala  was  diffusely  distributed  in  cells.  Together, 
these  studies  demonstrate  that  RXR  contains  a  Leu-rich  nuclear  export  sequence  and  that  die 
sequence  may  be  required  for  nuclear  export  of  TR3  through  TR3/RXR  heterodimerization. 
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Figure  11.  Identification  of  a  nuclear  export  sequence  in  RXR.  A  fragment 
of  RXR  from  a  348  to  419  or  a  leucine-rich  sequence  in  the  region  was  cloned  in  a  GFP-containing 
vector  and  the  resulting  fusions,  RXR348-419  and  RXR/NES,  respectively,  were  transfected  into 
293T  cells  and  analyzed  for  their  subcellular  distribution  by  confocal  microscopy  analysis.  For 
comparison  a  Leu  in  the  leucine-rich  sequence  was  replaced  with  Ala  and  die  resulting  mutant 
RXR/NES/Leu-Ala  was  also  analyzed. 

Effect  of  retinoids  on  RXR  subcellular  localization.  To  determine  the  effect  of 
RXR  ligands  on  nuclear  export  of  RXR,  we  evaluated  the  cellular  localization  of  RXR222-462 
(Figure  10)  in  response  to  various  RXR  ligands  (Figure  12).  RXR222-462  in  293T  cells  was 
exclusively  localized  in  the  cytoplasm  (Figure  12).  However,  when  cells  were  treated  with  RXR 
ligands  9-cis  RA,  SRI  1237,  and  SRI  1345,  RXR222-462  was  localized  in  the  nucleus.  Treatment 
with  RAR  ligands  all-trans-RA  or  AM80  did  not  affect  the  cytoplasmic  localization  of  RXR222-462. 
Thus,  RXR  subcellular  localization  is  regulated  by  its  ligands. 
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Figure  12.  Effect  of  RXR  ligands  on  RXR  cytoplasmic  localization.  GFP- 
RXR222-462  was  transfected  into  293T  cells  and  the  transfected  cells  were  then  treated  with  the 
indicated  retinoids.  The  cellular  localization  of  RXR222-462  was  analyzed  by  confocal 
microscopy. 

Together,  our  studies  demonstrate  that  RXR  is  required  for  TR3  nuclear  export  and  that 
RXR  and  its  ligands  may  play  a  role  in  regulating  AHPN/CD437-induced  TR3  mitochondrial 
targeting  and  apoptosis  in  breast  cancer  cells. 


2.  Mitochondrial  receptor  of  TR3 

Members  of  the  Bcl-2  family  are  important  regulators  of  cell  death  and  survival  (12,13). 
Many  of  which,  such  as  Bcl-2,  are  located  predominantly  in  the  outer  mitochondrial  membrane 
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(12,13).  We  investigated  the  possibility  that  TR3  targeted  mitochondria  by  interacting  with  Bcl-2 
that  is  known  to  reside  on  the  outer  membrane  of  mitochondria.  TR3/ADBD,  which  constitutively 
resides  on  mitochondria  (6),  was  analyzed  in  a  co-immunoprecipitation  (Co-IP)  assay  for  its 
interaction  with  Bcl-2  by  transfecting  it  into  human  embryonic  kidney  cell  line  293T  alone  or  with 
Bcl-2  expression  vector.  Co-IP  assay  showed  that  a  significant  amount  of  TR3/ADBD  was  co¬ 
precipitated  with  Bcl-2  by  anti-Bcl-2  antibody  (Figure  13a).  In  a  reporter  gene  assay  in  CV-1 
cells,  transactivation  of  TR3  on  its  responsive  element  (NurRE-tk-CAT)  was  potently  inhibited  by 
cotransfection  of  Bcl-2,  but  not  by  Bax  (Figure  13b).  The  TR3/ADBD  and  Bcl-2  interaction  was 
also  demonstrated  by  the  GST-pull  down  assay,  showing  that  35S-labeled  Bcl-2  was  pulled  down 
by  GST-TR3  but  not  by  GST  (Figure  13c).  Transfected  Bcl-2  and  TR3/ADBD  colocalized  in 
LNCaP  cells  as  revealed  by  confocal  microscopy  analysis  (Figure  13d).  Thus,  TR3  interacts 
specifically  with  Bcl-2  and  Bcl-2  may  function  as  a  receptor  for  TR3  to  target  mitochondria. 


Figure  13.  Interaction  of  TR3  with  Bcl-2.  a.  In  vivo  Co-IP  assay.  GFP- 
TR3/ADBD  was  cotransfected  alone  or  with  Bcl-2  expression  vector  into  293T  cells.  The 
expressed  GFP-TR3/ADBD  mutant  protein  was  then  precipitated  by  using  either  anti-Bcl-2 
antibody  or  control  IgG  and  detected  by  western  blotting  using  anti-GFP  antibody.  The  same 
membranes  were  also  blotted  with  anti-Bcl-2  antibody  to  determine  precipitation  specificity  and 
efficiency.  Input  represents  10%  of  total  cell  extract  used  in  the  precipitation  assays,  b.  Inhibition 
of  TR3-dependent  transactivation  by  Bcl-2.  CV-1  cells  were  transfected  with  the  NurRE-/£-CAT 
(6)  with  or  without  TR3  expression  vector  (25  ng)  together  with  or  without  the  indicated  amount  of 
Bcl-2  or  Bax  expression  vector.  CAT  activity  was  then  determined,  c.  GST-pull  down  of  Bcl-2 
by  TR3.  GST-TR3,  GST  or  GST-RXR  immobilized  on  20  pi  of  glutathione-Sepharose  was 
incubated  with  10  pi  of  in  vitro  synthesized  35S-labeled  Bcl-2.  Bound  proteins  were  analyzed  by 
SDS-PAGE  autoradiography,  d.  Confocal  microscopy  analysis.  Expression  vectors  for 
GFP-TR3/ADBD  and  Bcl-2  were  cotransfected  into  LNCaP  cells.  After  20  h,  cells  were 
immunostained  with  anti-Bcl-2  antibody  then  Cy3-conjugated  secondary  antibodies  (Sigma). 
GFP-fusion  and  Bcl-2  were  visualized  using  confocal  microscopy. 

Bcl-2  is  required  for  apoptotic  effect  of  TR3  in  breast  cancer  cells.  The 

above  data  suggest  that  Bcl-2  is  required  for  mitochondrial  targeting  of  TR3  through  their  physical 
interaction.  To  determine  whether  Bcl-2  was  required  for  apoptotic  effect  of  TR3  in  breast  cancer 

cells.  TR3/ADBD  was  cotransfected  with  or  without  Bcl-2  expression  vector  into  MCF-7  breast 
cancer  cell.  Cells  were  then  stained  by  DAPI  for  their  nuclear  morphology.  DAPI  staining 

indicated  that  TR3/ADBD  only  caused  nuclear  fragmentation  or  condensation  of  MCF-7  cells  when 
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Bcl-2  was  cotransfected  (Figure  14).  Thus,  the  TR3/ADBD-Bcl-2  interaction  is  required  to  induce 
apoptosis  of  breast  cancer  cells. 


Figure  14.  Bcl-2  is  required  for  apoptotic  effect  of  TR3/ADBD  in  MCF-7 
cells.  MCF-7  cells  transfected  with  GFP-TR3/ADBD  together  with  or  without  Bcl-2  expression 
vector.  Transfected  cells  were  stained  by  DAPI.  Apoptotic  cells  were  then  scored. 
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CONCLUSIONS 

We  have  investigated  the  mechanism  of  TR3-mediated  apoptosis  in  breast  cancer  cells.  Our 
results  demonstrate  that  TR3  exerts  its  apoptotic  effect  in  breast  cancer  by  translocating  from  the 
nucleus  to  mitochondria  in  response  to  apoptotic  retinoids.  We  have  also  identified  a  new 
apoptotic  retinoid  MM002  that  effectively  induces  TR3  mitochondrial  targeting  and  apoptosis  of 
breast  cancer  cells.  In  studying  the  mechanism  by  which  TR3  migrates  from  the  nucleus  to  the 
cytoplasm,  we  found  it  requires  RXR  through  their  heterodimerization.  We  also  observed  that 
RXR  contains  a  nuclear  export  sequence  that  is  required  for  its  cytoplasmic  localization  and  is 
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regulated  by  RXR  ligands.  These  data  not  only  enhance  our  understanding  of  the  molecular 
mechanism  of  TR3  nuclear  export  but  also  provide  important  information  for  developing  RXR 
ligands  for  regulating  apoptosis  of  breast  cancer  cells.  Furthermore,  we  discovered  that  TR3  can 
physically  interacts  with  Bcl-2  and  that  Bcl-2  acts  as  a  mitochondrial  receptor  of  TR3  and  is 
required  for  apoptotic  effect  of  TR3  in  breast  cancer  cells.  Our  finding  that  Bcl-2  is  apoptotic  when 
it  interacts  with  TR3  provides  novel  approach  to  induce  apoptosis  of  Bcl-2-expressing  breast 
cancer  cells.  The  overall  plan  for  the  next  year  of  research  remains  the  same  as  proposed  in  the 
original  grant  application. 
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ABSTRACT 

The  retinoid  6-[3-(l  -adamantyI)-4-hydroxyphenyl]-2-naphthalenecar- 
boxylic  acid  (AHPN)  is  reported  to  have  anticancer  activity  in  vivo. 
Induction  of  cell  cycle  arrest  and  apoptosis  in  cancer  cell  lines  refractory 
to  standard  retinoids  suggests  a  retinoid-independent  mechanism  of  action 
for  AHPN.  Conformational  studies  suggested  that  binding  of  AHPN  does 
not  induce  an  unusual  conformation  in  retinoic  acid  receptor  (RAR)  y. 
The  3-chloro  AHPN  analogue  MM11453  inhibited  the  growth  of  both 
retinoid-resistant  (HL-60R  leukemia,  MDA-MB-231  breast,  and  H292 
lung)  and  retinoid-sensitive  (MCF-7  breast,  LNCaP  prostate,  and  H460 
lung)  cancer  cell  lines  by  inducing  apoptosis  at  similar  concentrations. 
Before  apoptosis,  MM11453  induced  transcription  factor  TR3  expression 
and  loss  of  mitochondrial  membrane  potential  characteristic  of  apoptosis. 
MM11453  lacked  the  ability  to  significantly  activate  RARs  and  retinoid  X 
receptor  a  to  initiate  (TREpa!)r/*-CAT  reporter  transcription.  These 
results,  differential  proteolysis-sensitivity  assays,  and  glutathione  S-trans- 
ferase-pulldown  experiments  demonstrate  that,  unlike  AHPN  or  the  nat¬ 
ural  or  standard  synthetic  retinoids,  MM11453  does  not  behave  as  a  RAR 
or  retinoid  X  receptor  a  transcriptional  agonist.  These  studies  strongly 
suggest  that  AHPN  exerts  its  cell  cycle  arrest  and  apoptotic  activity  by  a 
signaling  pathway  independent  of  retinoid  receptor  activation. 

INTRODUCTION 

The  natural  RAs3  and  their  synthetic  analogues  are  being  investi¬ 
gated  as  chemotherapeutic  agents  because  they  inhibit  proliferation, 
induce  apoptosis  in  cancer  cells,  and  retard  tumor  xenograft  growth 
(1).  These  standard  retinoids  exert  their  antiproliferative  effects  by 
influencing  the  transcriptional  activity  of  RAR  and  RXR  subtypes  a, 
Pf  and  y  (reviewed  in  Ref.  2).  Retinoids  complexed  to  a  RXR/RAR 
can  activate  or  repress  gene  transcription  from  RA  response  elements 
in  the  promoter  of  retinoid-sensitive  genes.  A  retinoid  bound  to  an 
RXR  can  modulate  activation  by  other  transcription  factors  with 
which  it  dimerizes  (2).  Retinoid  receptor-ligand  complexes  also  com¬ 
pete  with  other  transcription  factors  for  coactivator  proteins  (3,  4), 
whereas  nonliganded  dimers  compete  for  corepressors  (5). 

The  diversity  from  the  six  subtypes  and  variations  in  their  expres- 
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sion  patterns  (2,  6-9),  response  element  sequences,  intermediary 
proteins,  and  other  transcription  factors  (2)  led  to  the  identification  of 
receptor-selective  retinoids  to  enhance  efficacy  by  reducing  the  sys¬ 
temic  toxicity  associated  with  retinoids  activating  all  receptors  (10). 
Receptor  class  and  subtype-selective  compounds  (reviewed  in  Refs.  1 
and  1 1)  also  provide  a  means  for  studying  individual  receptor-signal¬ 
ing  pathways. 

On  evaluating  RARy-selective  retinoids,  we  observed  that  AHPN 
(CD437  [1}  in  Fig.  1;  Ref.  12)  rapidly  caused  detachment  of  retinoid- 
sensitive  MCF-7  breast  and  NIH:OVCAR-3  ovarian  cancer  colls  (13, 
14).  This  atypical  retinoid  activity  extended  to  retinoid-resistant  lines, 
including  MDA-MB-231  breast  cancer  and  HL-60R  leukemia  (13). 
AHPN  induced  cyclin-dependent  kinase  inhibitor  p2 1 WAF1/CIF>1  ex¬ 
pression  (13),  Gq-Gj  cell  cycle  arrest  (13),  and  apoptotic  events,  such 
as  caspase  activation,  gadd45  expression  (15),  poly(adenosyl  diphos- 
phate-ribose)  polymerase  cleavage,  and  DNA  fragmentation  (13). 
Interestingly,  apoptosis  occurred  in  the  absence  of  functional  tumor 
suppressor  p53  (13),  the  gene  for  which  is  mutated  in  many  cancers 
(16).  Apoptosis  by  AHPN  and  its  derivatives  and  analogues  was 
subsequently  observed  in  other  lines  derived  from  tumors  and  their 
metastases  (17-25). 

The  efficacy  against  retinoid-resistant  cancer  cells  prompted  studies 
on  how  AHPN  induces  apoptosis.  To  reduce  complications,  we  con¬ 
ducted  mechanistic  studies  in  cells  lacking  functional  retinoid  recep¬ 
tors  (26)  and  used  apoptotic  AHPN  analogues  lacking  retinoid  agonist 
transactivation  activity,  such  as  MM11453  [2].  MM11453  induced 
apoptosis  by  a  cascade  that  included  mitochondrial  translocation  of 
transcription  factor  TR3/nur77/NGFlB-II  (TR3),  cytochrome  c  re¬ 
lease,  caspase  activation,  and  DNA  fragmentation  (27).  Binding  of 
MM  11453  to  RARs  and  RXRa  did  not  cause  the  conformational 
changes  of  AHPN  that  led  to  corepressor  loss  and  coactivator  recruit¬ 
ment.  We  report  here  the  characterization  and  anticancer  activity  of 
MM  1 1453,  the  prototype  for  new  nonretinoidal  apoptotic  agents  with 
potential  for  cancer  treatment. 

MATERIALS  AND  METHODS 

Retinoids.  AHPN  [1]  was  prepared  by  modifying  a  reported  procedure 
(28).  AHPN  (MM11453)  [2]  was  synthesized  as  follows.  The  biaryl  bond 
was  introduced  by  palladium(0)-catalyzed  coupling  between  3-(l-adaman- 
tyl)-4-benzyloxybenzeneboronic  acid  and  ethyl  6-bromo-3-chloro-2-naph- 
thalenecarboxylate  [palladium(triphenylphosphine)4  (Aldrich,  St.  Louis, 
MO),  aqNa2C03,  dimethoxyethane,  reflux,  6  h],  followed  by  chroma¬ 
tography  (6%  EtOAc/hexane  on  silica  gel)  to  give  the  benzyl-protected 
ethyl  ester  of  MM11453  (66%).  Benzyl  group  cleavage  [BBr3,  CH2C12, 
-78°C,  2  h]  to  the  phenol  (91%)  and  ester  group  hydrolysis  (aq  NaOH, 
ethanol,  90°C,  2  h;  aq  HCI)  gave  MM11453  (95%)  as  a  white  powder, 
melting  point  294°C-296°C  (decomp.).  IR  (KBr):  3200,  1706,  1277,  1244, 
991,  815,  and  680  cm-'.  *H  nuclear  magnetic  resonance  (300  MHz, 
Me2SO-d6,  6):  1.75,  2.06,  2.17  (s,  6,  adamantyl  CH2;  s,  3,  adamantyl  CH; 
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Fig.  1.  AHPN  [1],  MM1 1453  [2].  f«m*-RA  13],  9-eiJ-RA  [4],  TTAB  15],  MM1 1254 
{6],  MM  11253  17],  and  BMS270394  [8]. 


s,  6,  adamantyl  CH2),  6.97  (d,  J  -  9.0  Hz,  1,  ArH-5),  7.51  (s,  1,  ArH-2), 
7.52  (d,  J  =  9.0  Hz,  1,  ArH-6),  7.98  (d,  J  =  9.0  Hz,  1,  NapH-8),  8.06  (s, 

1,  NapH-5),  8.25  (d,  J  =  8.6  Hz,  1,  NapH-7),  8.27  (s,  1,  NapH-4),  8.60  (s, 
1,  NapH-1),  9.68  (s,  1,  ArOH).  High-resolution  mass  spectrometry  for 
C27H25C103  (M+):  calculated,  432.1492;  found,  432.1492.  trans- RA  [3] 
was  purchased  (Sigma  Chemical  Co.),  as  was  [1  l,12-3H)2]9-cis-RA  (spe¬ 
cific  activity,  43  Ci/mmol;  DuPont  NEN,  Boston,  MA).  9-ci>RA  [4]  was 
prepared  as  reported  (29). 

Computational  Analysis.  CAChe  Software  (Fujitsu,  Beaverton,  OR)  was 
used  to  identify  low-energy  conformed  within  2  kcal  of  the  global  energy 
minimum  (MM3  force  Field,  conjugate-gradient  minimization,  30°  search  label 
variation,  exclusion  of  S=9  A  van  der  Waals  interactions,  and  energy  change 
<0.001  kcal/mol).  Conformers  were  superimposed  by  using  least-squares  rigid 
fit  of  atoms  corresponding  to  the  1, 5-9,  and  15  carbon  molecules  of  trans- RA. 

Receptor  Transcriptional  Activation.4  CV-1  cells  (1,000  per  well)  were 
grown  in  DMEM  (Irving  Scientific,  Santa  Ana,  CA)  with  10%  charcoal-treated 
FCS  (Tissue  Culture  Biologicals,  Tulare,  CA)  for  16-24  h  before  transfection, 
as  described  (30,  31).  Briefly,  100  ng  of  (TREpal)2-/*-CAT  reporter,  /3-galac- 
tosidase  expression  vector  pCH  1 10  (Pharmacia,  Piscataway,  NJ),  and  a  RAR 
expression  vector  (or  20  ng  of  RXRa)  were  mixed  with  carrier  DNA  (pBlue- 
script;  Stratagene,  La  Jolla,  CA)  to  give  1  jig  of  total  DNA/well.  CAT  activity 
was  normalized  using  /3-galactosidase  as  the  control.  Activation  after  subtrac¬ 
tion  of  constitutive  activity  is  expressed  relative  to  that  of  1.0  hm  trans- RA  for 
RARs  (100%)  or  1.0  pM  9-cw-RA  for  RXRa  (100%)  and  represents  the 
average  of  three  determinations. 

Receptor  Binding.  Competitive  radioligand  binding  on  crude  bacterial 
lysates  at  0°C  for  2  h  used  ~25  pmol  of  recombinant  human  RAR  subtype  or 
mouse  RXRa-GST  fusion  proteins  in  200  jri  of  binding  buffer  [10  mM  HEPES 
(Sigma  Chemical  Co.;  pH  7.8),  100  mM  NaCl,  0.1  mM  EDTA,  0.5  mM  DTT, 
and  10%  glycerol]  with  1-2  nM  [3H2]9-m-RA  (43  Ci/mmol).  Bound  [3H]9- 
cts-RA  was  isolated  (Sephadex  G-50;  Pharmacia)  and  counted.  Nonspecific 
[3H]9-cw-RA  binding  at  1  p. M  nonlabeled  9-cw-RA  generally  was  <10%  of 
total  label  bound. 

DPSA.  [35S]Met-labeied  RARa,  RAR/3,  RARy,  and  RXRa,  prepared  by  in 
vitro  transcription/translation  (32),  were  used  in  DPSA  as  described  (33). 
[35S]Met-labeled  receptors  were  incubated  with  0.1%  ethanol  alone,  1.0  pM 
9-cis-RA,  or  MM  1 1453  for  30  min  at  0°C.  Limited  proteolysis  (trypsin-tosyl 
phenylalanyl  chloromethyl  ketone;  Sigma  Chemical  Co.)  for  15  min  at  22°C, 
followed  by  termination  by  Laemmli  sample  buffer  and  boiling  and  separation 


4  Assay  conducted  at  The  Burnham  Institute,  La  Jolla,  CA,  under  a  license  agreement 
with  Ligand  Pharmaceuticals,  San  Diego,  CA. 


(10%  acrylamide  gel  under  denaturing  conditions),  afforded  PFs  for  visualiza¬ 
tion  by  autoradiography  (33,  34). 

GST-Pulldown.  Experiments  were  performed  as  described  using  GST- 
p300  1-450  (35)  and  GST-NCoR  2110-2453  (36)  fusion  proteins  and 
[35S]Met-labeled  human  RARy. 

Cell  Lines  and  Culture.  RA-resistant  HL-60R  cells,  having  a  mutant 
RARa  that  does  not  significantly  bind  trans- RA  and  lacking  RAR/3  and  RARy 
(26),  and  MDA-MB-231  cells  were  grown  as  described  (20).  MCF-7,  LNCaP 
prostate,  H460  and  retinoid-resistant  H292  lung  cancer  cells  and  Jurkat  lym¬ 
phoma  cells  (American  Type  Culture  Collection,  Rockville,  MD)  were  grown 
in  RPMI  1640  (Irving  Scientific)  with  10%  charcoal- treated  FCS. 

Cel!  Growth  Inhibition.  HL-60R  and  MDA-MB-231  cells  (50,000  and 
100,000  per  well,  respectively)  and  0.1— 1.0  pM  MM  11453,  AHPN,  or  Me2SO 
alone  were  incubated  for  24  or  120  h  (72-h  medium  change),  respectively. 
Results  are  expressed  relative  to  Me2SO  control  as  mean  ±  SE  of  triplicate 
experiments.  SEs  were  <10%.  MCF-7,  LNCaP,  H292,  and  H460  cells  (3,000 
per  well  in  96-well  plates)  were  treated  with  1.0  pM  MM11453,  AHPN, 
trans-RA ,  or  ethanol  alone  for  48  h  before  viable  cell  numbers  were  deter¬ 
mined  by  3-(4,5-dimethyIthiazol-2-yl)-2,5-diphenyltetrazolium  bromide  assay 
(7,  9,  27).  Data  shown  are  representative  of  three  experiments. 

Apoptosis  Detection.  DNA  fragmentation  and  apoptotic  bodies  were  as¬ 
sessed  in  at  least  500  HL-60R  or  MDA-MB-231  cells  after  incubation  with 
MM  11453  for  24  or  120  h,  respectively,  as  described  above,  and  acridine 
orange  staining  (15).  The  percentage  of  apoptotic  cells  was  expressed  relative 
to  the  Me2SO  control  as  the  mean  ±  SE  of  triplicate  experiments.  MCF-7, 
LNCaP,  H292,  H460,  and  Jurkat  cells  (3,000  per  well)  were  treated  with  1.0 
p m  MM  11453,  trans- RA,  or  ethanol  alone  for  48  h,  trypsinized,  washed 
(PBS),  fixed  (3.7%  paraformaldehyde),  and  stained  with  4',6-diamidino-2- 
phenylindole  (1  pg/ml)  to  visualize  nuclei  by  fluorescent  microscopy  (21). 
Cells  with  apoptotic  nuclear  moiphology  were  scored  in  each  400-cell  sample 
using  a  fluorescence  microscope.  The  data  are  representative  of  three  experiments. 

Northern  Analysis.  Total  RNAs  were  prepared  (RNeasy  Mini  kit;  Qiagen, 
Germany),  and  TR3  expression  was  determined  on  30  pg  of  total  RNA  from 
each  line  treated  with  1.0  pM  MM  11453,  trans- RA,  or  ethanol  alone.  Blotting 
conditions  were  as  described  (27)  with  /3-actin  expression  as  the  control. 

TR3  Mitochondrial  Targeting.  The  expression  vector  for  TR3/ADBD- 
GFP.  a  TR3  mutant  lacking  the  DNA-binding  domain  fused  to  the  green 
fluorescent  protein  expression  vector,  was  transiently  transfected  into  H460 
cells,  as  described  for  LNCaP  cells  (27).  Cells  were  treated  with  1.0  pM 
MM1 1453  or  ethanol  alone  for  6  h  and  then  immunostained  with  anti-Hsp60 
antibody  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA)  and  Cy 3 -conjugated 
secondary  antibody  (Sigma  Chemical  Co.)  to  indicate  mitochondria  to  which 
Hsp60  is  restricted.  Confocal  microscopy  was  used  to  detect  TR3/ADBD-GFP 
(green  fluorescence)  and  Hsp60  (red).  Images  were  overlaid  to  show  colocal¬ 
ization. 

Mitochondrial  Membrane  Potential  Assay.  LNCaP,  MCF-7,  and  MDA- 
MB-231  cells  (10,000,000)  were  treated  with  1.0  pM  MM  11453  for  18  h 
before  incubation  with  5  pg/ml  Rhl23  for  30  min  at  37°C.  Rhl23-fluorescing 
cells  were  scored  depolarized  by  flow  cytometry  (FACScalibur  system;  BD 
Biosciences,  San  Jose,  CA;  Ref.  37).  The  data  shown  are  representative  of 
three  experiments.  Wild-type  Jurkat  cells  or  Jurkat  cells  stably  expressing 
either  Bcl-2  or  control  vector  (38)  were  treated  similarly. 

RESULTS 

Close-Fitting  of  Energy-minimized  AHPN  and  Retinoid  Con- 
formers.  Energy-minimized  conformers  of  AHPN  [1],  RAR-selec- 
tive  trans- RA  [3],  and  RAR-selective  TTAB  [5]  (39)  were  over¬ 
lapped.  The  trans-RA  conformer  was  that  reported  in  the  RARy 
LBD  (40,  41).  Three  orthogonal  views  of  these  overlaps  are  shown 
in  Fig.  2 A.  The  major  structural  difference  was  the  1 -adamantyl 
group  of  AHPN,  which  extended  2.2  A  more  than  the  trans-RA 
18-methyl  group.  In  Fig.  2 Bt  the  energy-minimized  conformers  of 
RARy-selective  agonists  AHPN  and  MM11254  [6],  a  (Z)-oxime 
(14)  of  6-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-naphthalenyl- 
carbonyl)-2-naphthalenecarboxylic  acid  (42),  are  shown  over¬ 
lapped  with  RARy-selective  agonist  BMS270394  [8],  as  found  in 
the  ligand-binding  pocket  of  crystallized  holo-RARy  (40).  The 
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Fig.  2.  Comparison  of  energy-minimized 
AHPN  and  retinoid  conformers.  Conforma¬ 
tional  analysis  was  performed  as  described 
in  “Materials  and  Methods.”  A.  orthogonal 
views  of  superimposed  conformers  of 
AHPN  (blue),  trans-RA  (red),  and  TTAB 
(yellow).  B,  superimposed  conformers  of 
AHPN  (blue),  MM  11254  (green),  and 
BMS270394  (magenta). 


AHPN  1-adamantyl  group  overlaps  the  saturated  portion  of  the 
5,6,7,8-tetrahydro-5,5,8,8-tetramethylnaphthalene  rings  of  both 
RARy-selective  retinoids,  and  the  AHPN  phenolic  oxygen  is  near 
the  oxygen  molecules  in  the  oxime  group  of  MM  1 1254  (2.5  A)  and 
the  bridge  hydroxyl  of  BSM270394  (3.9  A).  Such  hydroxyl  groups 
are  reported  to  confer  RARy  selectivity  by  hydrogen  bonding  to 
the  Met-272  sulfur  molecule  of  RARy  (41).  Placement  of  these 
overlapped  conformers  (Fig.  2 B)  in  the  RARy  ligand-binding  site 
gives  ligand  O-Met-272-S  distances  of  4.09,  2.55,  and  3.32  A, 


RARa  RAR(3  RARy  RXRa 

Fig.  3.  Transcriptional  activation  of  retinoid  receptors  by  MM  1 1453  on  the  (TREpalJ2- 
f*-CAT  reporter.  CV-1  cells  were  transiently  transfected  as  described  in  “Materials  and 
Methods,”  treated  with  1 .0  p.M  MM  1 1453,  AHPN.  trans-RA,  or  9-C/5-RA,  and  assayed  for 
CAT  activity  after  24  h.  Reporter  gene  activation  is  expressed  relative  to  1 .0  ftM  trans-RA 
on  the  RARs  or  1.0  fiM  9-cis-RA  on  RXRa. 


respectively.  These  studies  suggest  that  binding  of  AHPN  to  RARy 
occurs  in  the  same  manner  as  that  of  standard  retinoid  agonists. 

MM11453  Lacked  RAR  Transcriptional  Activation  of  AHPN. 
Although  originally  reported  as  RARy  selective  on  the  (TREpal)2-f/:- 
CAT  reporter  in  cotransfected  HeLa  cells  (12),  we  observed  on  the 
(TREpal)2-rt-CAT  in  CV-1  cells  (4)  that  high  RARy  selectivity 
occurred  at  0.1  p.M  and  below  (14).  At  0.5-1. 0  /xm,  at  which  the 
natural  retinoid  trans-RA  [3]  inhibits  retinoid-sensitive  cancer  cells, 
AHPN  significantly  activated  RAR/3.  At  1.0  /xM  AHPN,  reporter 
activation  by  RARa,  RAR/3,  and  RARy  was  9,  37,  and  54%,  respec¬ 
tively,  of  that  caused  by  1.0  /xm  trans-RA  (Fig.  3).  Unlike  1.0  /xm 
trans-RA  or  9-c/s-RA,  1.0  p\i  MM  1 1453  did  not  adequately  activate 
any  RAR  subtype  or  RXRa  to  induce  even  modest  (TREpal)2-ffc-CAT 
transcription.  MM  11453  did  not  activate  RARa  or  RXRa  and  only 
activated  RAR/3  and  RARy  to  5  and  10%,  respectively,  of  that  of 
trans-RA  or  13  and  19%,  respectively,  of  that  of  AHPN.  Thus, 
MM11453  is  an  analogue  with  substantially  reduced  capacity  for 
RAR  activation. 

Retinoid  Receptors  Bound  MM11453.  Competitive  ligand  bind¬ 
ing  was  used  to  determine  whether  MM1 1453  bound  directly  to  RARs 
and  RXRa.  MM1 1453  at  1.0  pM  displaced  61  ±  6%  of  [3H2]9-c/s-RA 
bound  to  RARy,  whereas  displacement  from  other  receptors  was 
lower  [RARa  (1 1  ±  2%),  RAR/3  (25  i  5%),  and  RXRa  (18  ±  5%); 
Fig.  4]. 

MM 11453  Did  Not  Induce  an  Agonist-bound  RAR  Conforma¬ 
tion.  DPSA  on  9-c/s-RA-bound  RARa,  RAR/3,  and  RARy  produced 
27-kDa  PF27a,  35-kDa  PF35/3,  and  32-kDa  PF32y,  respectively 
{Lane  3  in  Fig.  5,  A-C).  DPSA  on  AHPN-bound  RARs  produced  the 
same  fragments  (data  not  shown).  These  PFs  were  not  observed  on 
incubation  with  ethanol  or  MM  1 1453  {Lanes  2  and  4 ,  respectively,  in 
Fig.  5,  A-C).  Unlike  9-c/s-RA ,  neither  MM  11453  nor  AHPN  altered 
the  proteolytic  sensitivity  of  RXRa  (data  not  shown).  The  lack  of  PFs 
from  RAR-MM1 1453  complexes  suggests  that  MM11453  does  not 
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RARa  RAR3  RARy  RXRa 


Fig.  4.  Binding  affinity  of  MM  1 1453  to  recombinant  RAR  and  RXRa.  Competition 
radioligand  binding  was  conducted  as  described  in  “Materials  and  Methods/’  The  data 
represent  the  means  ( n  =  3)  of  the  percentages  of  [1  I,12-3H2]9-c/j-RA  bound  that  were 
inhibited  by  1.0  /am  MM  11453;  bars.  SE. 


A  Trypsln-TPCK 


12  3  4 

Fig.  5.  MM  11453  is  not  a  RAR  agonist.  A.  DPSA  on  [35S)Met-iabcled  RARa  in 
ethanol  or  !  /am  9-cis-RA  or  MM1 1453.  The  migration  of  the  9-c/j-RA-induced  PF27a  of 
RARa  is  indicated.  In  B  and  C.  DPSA  on  RAR/3  and  RARy,  respectively,  were  conducted 
as  in  A  and  “Materials  and  Methods.”  Positions  of  RAR/3  PF35/3  and  RARy  PF35/3  are 
indicated.  Lefi,  marker  migration  (molecular  mass). 


promote  an  agonist-bound  conformation.  Similar  to  RARy-selective 
antagonist  MM1 1253,5  MM  11453  did  not  prevent  RAR/RXR  agonist 
9-cis-RA  from  inducing  this  conformation  in  RARa,  RAR/3,  or  RARy 
(data  not  shown). 

MM11453  Failed  to  Dissociate  Corepressor  NCoR-RARy  in 
Vitro .  GST-pulldown  was  used  to  test  whether  MM1 1453  dissociated 
NCoR  (5)  from  RARy,  as  9-m-RA  does.  As  indicated  (Fig.  6A), 
9-cis-RA  ( Lane  3),  but  not  MM  1 1453  ( Lane  4)  or  vehicle  (j Lane  2), 
disrupted  the  NCoR-RARy  complex. 

MM11453  Failed  to  Recruit  Coactivator  p300  to  RARy.  We 
compared  the  abilities  of  MM  1 1453  and  9-cis-RA  (36)  to  recruit  p300 


5V.  J.  Peterson,  M.  I.  Deinzer,  M.  1.  Dawson,  K-C.  Feng,  A.  Fields,  and  M.  Leid.  Mass 
spectrometric  analysis  of  agonist-induced  retinoic  acid  receptor  y  conformational  change, 
unpublished  results. 


(43)  to  RARy.  Vehicle  ( Lane  2  in  Fig.  6B)  or  MM  1 1453  {Lane  4)  did 
not  enhance  p300  recruitment,  whereas  9-cis-RA  did  ( Lane  3).  These 
findings,  which  agree  with  results  on  MM  11453  in  RARy  DPSAs 
(Fig.  5)  and  corepressor-dissociation  experiments  (Fig.  6 A),  confirm 
that  MM  11453  does  not  induce  a  RARy-agonist  conformation. 

MM11453  Inhibited  Cancer  Cell  Growth.  Increasing  evidence, 
including  retinoid-resistant  cancer  cell  growth  inhibition  (13,  27), 
suggests  that  AHPN  action  is  independent  of  retinoid  receptors  (21, 
44).  Cell  counting  and  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra- 
zolium  bromide  assays  were  conducted  to  show  that  MM  11453  in¬ 
hibited  growth  similarly.  MM  11453  inhibited  HL-60R  and  MDA- 
MB-231  growth  with  IC50s  of  0.17  and  0.32  /am  (Fig.  7,  A  and  5), 
respectively,  compared  with  AHPN  values  of  0.15  and  0.30  /am, 
respectively.  Inhibition  by  1.0  /am  trans- RA  was  <5%  (13).  The 
effects  of  MM  1 1453  on  H460,  H292,  LNCaP,  and  Jurkat  cells  were 
then  examined.  As  shown  (Fig.  7Q,  1.0  /am  MM  11453  significantly 
reduced  growth  by  70, 46,  64,  and  70%,  respectively,  whereas  1.0  /am 
trans- RA  reduced  H460  growth  by  15%  and  had  no  evident  effect  on 
the  other  lines  (0-3%).  Some  of  us  reported  previously  that  1.0  /am 
AHPN  for  48  h  inhibited  the  growth  of  H460,  H292,  and  LNCaP  cells 
by  62  ±  6%  (21),  53  ±  5%  (21),  and  100  ±  5%  (25),  respectively, 
whereas  Jurkat  growth  was  inhibited  by  84%  and  80  ±  3%  after  24 
and  96  h,  respectively  (22).  Thus,  both  AHPN  and  MM1 1453  simi¬ 
larly  retard  the  growth  of  these  cell  lines. 

MM11453  Induced  Cancer  Cell  Apoptosis.  The  MM  11453 
EC50s  for  inducing  nuclear  fragmentation  in  HL-60R  and  MDA-MB- 
23 1  cells  were  0.12  and  0.13  /am,  respectively  (Fig.  7,  D  and  E)>  which 
are  similar  to  AHPN  EC50s  of  0.07  and  0.35  /am,  respectively  (13). 
HL-60R  apoptosis  inhibition  by  1.0  /am  MM11453  and  AHPN  was 
82  ±  3%  and  91  ±  4%,  respectively,  and  MDA-MB-231  apoptosis 
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Fig.  6.  MM  11453  does  not  induce  NCoR  corepressor  dissociation  from  RARy  or 
coactivator  p300  recruitment  to  RARy.  A,  NCoR-RARy  dissociation  using  l35S]Met- 
RARy  and  GST-NCoR  2110-2453  is  as  described  in  “Materials  and  Methods.”  Only 
9-cir-RA  induced  NCoR-RARy  dissociation  (Lane  3).  In  B,  RARy  coactivalor  recruit¬ 
ment  using  GST-p300  (1-450)  and  [35SJMet-RARy  is  as  in  “Materials  and  Methods  ” 
Only  9-cij-RA  enhanced  binding  of  p300  to  RARy.  Lane  I  in  A  and  B  represents  —15% 
of  [35S]Met-RARy.  Left,  marker  migration  (molecular  mass). 
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Fig.  7.  MM  1 1453  inhibits  cell  growth  and  induces  apoptosis.  HL-60R  cells  (A  and  D)  and  MDA-MB-231  cells  (B  and  E)  were  treated  with  10  nM  to  1.0  fib\  MM  11453,  AHPN, 
or  MejSO  alone  for  24  h  and  120  h,  respectively,  as  described  in  “Materials  and  Methods,”  and  then  harvested  and  counted  (A  and  B )  or  assayed  for  apoptosis  (D  and  E)  as  in  “Materials 
and  Methods."  The  results  shown  represent  the  means  of  three  replicates;  bars.  SE.  In  C  and  F.  H460,  H292,  LNCaP,  and  Jurkat  cells  were  treated  with  ethanol  alone,  1.0  trans-RA, 
or  MM  1 1453  for  48  h  before  viability  was  determined  (C)  or  treated  with  1.0  /im  MM  1 1453  or  ethanol  alone  for  48  h  before  nuclear  morphology  was  analyzed  (F)  as  in  “Materials 
and  Methods.”  The  experiments  shown  are  representative  of  three  triplicates. 


was  75  ±  1%  and  76  ±  7%,  respectively.  Thus,  both  MM  1 1453  and 
AHPN  are  similarly  apoptotic  in  retinoid-resistant  cells.  MM  1 1453  at 
1.0  /am  induced  apoptosis  in  LNCaP  (38%),  H460  (47%),  and  MCF-7 
(57%)  cells,  as  demonstrated  by  nuclear  morphological  changes  (Fig. 
IF).  In  other  experiments  using  these  cells,  1 .0  /am  AHPN  was  found 
to  induce  21  (21),  37,  and  42%  apoptosis,  respectively  (data  not 
shown).  Thus,  both  MM  11453  and  AHPN  also  induce  apoptosis  in 
retinoid-sensitive  cells. 

MM11453  Induced  TR3  Expression.  TR3  expression  must  be 
induced  for  AHPN  to  cause  lung  cancer  cell  apoptosis  (21).  To 
determine  whether  1.0  /am  MM11453  had  this  capability,  H460  and 
LNCaP  cells  were  treated  for  6  h.  MM  11453  strongly  induced  TR3 
expression,  whereas  trans- RA  did  not  (Fig.  8). 

MM11453  Induced  TR3  Mitochondrial  Targeting.  MM  1 1453  at 
1.0  /am  induced  the  migration  of  transiently  expressed  TR3/ADBD- 
GFP  to  mitochondria  in  H460  cells,  as  indicated  in  Fig.  9  by  colo¬ 
calization  of  GFP  fluorescence  with  that  of  immunostained  Hsp60. 
Colocalization  did  not  occur  in  vehicle-alone-treated  cells  (data  not 
shown).  Thus,  both  AHPN  and  MM  11453  induce  TR3  targeting  to 
mitochondria. 

MM11453  Altered  Mitochondrial  Membrane  Potential.  We 
found  that  MM  11453  induced  TR3  targeting  to  the  mitochondrial 
outer  membrane  of  breast  and  prostate  cancer  cells  to  initiate  cyto¬ 
chrome  c  release  and  apoptosis  (27).  A  loss  of  inner  mitochondrial 
membrane  potential  or  depolarization,  which  may  signify  outer  mem¬ 
brane  or  permeability  transition  pore  opening  (45)  and  has  been 
suggested  as  causing  cytochrome  c  release  (45),  is  associated  with 
apoptosis.  The  effect  of  MM1 1453  on  this  process  was  explored  using 
Rhl23,  which  cells  incorporate  on  depolarization.  MM11453  in¬ 
creased  MCF-7,  MDA-MB-231,  and  LNCaP  cell  Rhl23  fluorescence 
2.2-,  1.9-,  and  5.4-fold,  respectively  (Fig.  10).  Again,  MM  11453 
behaves  similarly  to  AHPN  (46). 


Bcl-2  Attenuated  Mitochondrial  Membrane  Depolarization  by 
MM11453.  Because  overexpression  of  anti  apoptotic,  mitochondrial 
membrane-surface  protein  Bcl-2  is  reported  to  block  cancer  cell 
apoptosis  (47),  its  effect  on  apoptosis  by  MM1 1453  was  explored  in 
Jurkat  cells  transfected  with  an  expression  vector  containing  bcl-2  or 
the  vector  alone.  In  MM1 1453-treated  nontransfected  cells  and 
MM1 1453-treated  vector  alone-transfected  cells,  depolarized  cell 
numbers  increased  4.8-  and  5.5-fold,  respectively,  over  that  of  the 
nontreated  control,  whereas  cell  numbers  increased  only  2-fold  in 
treated  cells  overexpressing  bcl-2  (Fig.  11).  Thus,  bcl-2  modified  the 
effect  of  MM  11 453  on  mitochondrial  membranes. 

DISCUSSION 

AHPN  induces  apoptosis  in  cancer  cell  lines  (13,  14,  18-22,  24). 
How  AHPN  initiates  this  process  remains  to  be  completely  defined.  A 
report  of  the  RARy  selectivity  of  AHPN  (12)  led  to  the  hypothesis  of 
an  apoptotic  role  for  RARy  in  breast  cancer,  melanoma,  and  neuro¬ 
blastoma  cells  (17,  23,  24).  To  support  this,  RARy  transcriptionally 
active  AHPN  derivatives  and  analogues  were  also  reported  to  inhibit 
growth  and  induce  apoptosis  (28,  48,  49).  Other  reports  present  data 
strongly  suggesting  an  RAR-independent  pathway,  such  as  growth 
inhibition  and  apoptosis  of  retinoid-resistant  cancer  cells  (13,  14,  21, 
27,  42,  44,  50).5  Our  results  support  the  latter  by  showing  that 
MM  1 1453,  although  unable  to  activate  retinoid  receptors  on  a  reporter 
with  the  efficacy  of  standard  retinoids  or  AHPN,  strongly  inhibited 
growth  and  induced  apoptosis  in  retinoid-resistant  cancer  cell  lines. 

The  near  absence  of  RAR  subtype  and  RXRa  transcriptional  acti¬ 
vation  by  MM  11453  was  confirmed  by  limited  proteolysis.  DPS  As 
suggest  that  MM  1 1453  is  not  a  RAR  or  RXRa  agonist.  MM  1 1453  did 
not  induce  a  protease-resistant  RARy  conformation,  characteristic  of 
binding  a  retinoid  agonist,  such  as  MM  1 1254  [6],  but  behaved  as  the 
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Fig.  8.  MM  11453  induces  TR3  expression  in  H460  and  LNCaP  cells.  Cells  were 
treated  with  ethanol  alone,  1.0  /am  mwj-RA,  or  MM  11453  for  6  h.  Total  RNAs  were 
prepared  and  analyzed  for  TR3  expression  by  Northern  blotting.  Expression  of  0-actin 
was  the  RNA-loading  control. 


formational  changes  in  the  receptor  necessary  for  coactivator  recruit¬ 
ment  and  transcriptional  activation. 

The  inhibition  of  [3H]9-ci5-RA  binding  to  RARs  by  MM11453 
suggests  direct  binding,  whereas  transfection  indicates  minimal  RAR 
or  RXRa  agonism.  Thus,  MM  1 1453  may  function  as  a  moderately 
selective  RARy  antagonist.  Although  how  RARy  antagonism  or  that 
of  another  RAR  or  RXR  subtype  contributes  to  MM11453  activity 
remains  to  be  defined,  the  lack  of  growth  inhibition  by  antagonist 
MM  1 1253  (data  not  shown)  suggests  that  the  contribution,  if  any,  is 
small.  Unlike  trans- RA,  both  MM1 1453  and  AHPN  strongly  inhibited 
HL-60R,  MDA-MB-23 1 ,  LNCaP,  and  H292  cell  growth  and  induced 
apoptosis.  EC50s  for  inhibiting  growth  in  HL-60R  and  MDA-MB-23 1 
cells  were  comparable,  and  their  apoptotic  EC50s  were  similar  (Fig. 
7).  These  results  indicate  that  MM  11453  functions  independently  of 
RARs  and  RXRa  and  strongly  suggest  a  similar  mode  of  action  for 
AHPN.  Both  AHPN  (21)  and  MM  11453  (Fig.  8)  induced  TR3  ex¬ 
pression  in  H460  and  LNCaP  cells  and  TR3  mitochondrial  transloca¬ 
tion  (Ref.  27  and  Fig.  9,  respectively)  and  caused  inner  mitochondrial 
membrane  depolarization  in  MCF-7,  MDA-MB-23 1,  LNCaP,  and 
Jurkat  cells  (Figs.  10  and  11).  These  results  demonstrate  that 


HspSO  GFP-TR3/ADBD  Overlay 


Fig.  9.  MM  11453  induces  TR3  translocation  to  H460  mitochondria.  Cells  were 
transiently  transfected  with  TR3/ADBD-GFP  expression  vector  and  then  treated  with  i.O 
/am  MM11453  for  6  h  as  in  “Materials  and  Methods.”  Immunostaincd  mitochondrial 
Hsp60  {red)  and  TR3/ADBD-GFP  protein  {green)  were  visualized  by  confoeal  micros¬ 
copy,  and  images  were  overlaid  {Overlay)  to  indicate  colocalization  {yellow). 


RARy-selective  antagonist  MM11253  [7],  a  dithiane  (14,  39)  of 
6-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-naphthalenylcarbonyl)-2- 
naphthalenecarboxylic  acid].5  MM1 1453  did  not  delectably  dissociate 
NCoR  from  RARy  or  recruit  p300  to  RARy,  as  agonists  did.  Thus,  the 
behavior  of  MM  1 1453  contrasts  with  that  of  RAR-agonist  AHPN  (12, 
14).  A  retinoid  receptor-independent  pathway  for  anticancer  activity 
has  precedent  in  the  mechanism  of  action  of  N-(4-hydroxy)phenyl 
retinamide,  which  inhibits  the  growth  of  cancer  cells  that  resist  stand¬ 
ard  retinoids  (51,  52). 

DPSA  (data  not  shown)  and  molecular  modeling  (Fig.  2)  suggest 
that  AHPN  does  not  induce  a  unique  conformation  in  the  RARy  LBD 
that  could  account  for  apoptosis-inducing  activity.  RARy  on  binding 
AHPN,  trans- RA,  or  MM  1 1254  produced  the  same  PFs,5  whereas  1.0 
fXM  MM  1 1253  [7]  did  not  induce  this  conformation5  or  transcription¬ 
ally  activate  RARy  (14).  Both  transactivation  and  DPSA  show  that  the 
bulky  1-adamantyl  group  of  AHPN  (Fig.  2 A)  did  not  prevent  an 
agonist-induced  RARy  conformation,  and  modeling  shows  the  1- 
adamantyl  group  occupying  the  same  region  as  the  tetrahydronaph- 
thalene  rings  of  agonists  MM  11254  and  BMS270394  [8]  (Ref.  41; 
Fig.  2 B).  The  three  hydroxyl  and  carboxyl  oxygen  molecules  are  also 
close.  Thus,  on  the  basis  of  the  strategy  used  by  Ktaholz  et  al  (41)  that 
the  low-energy  conformation  of  a  ligand  approximates  its  bound  form, 
our  findings  suggest  that  pharmacophoric  AHPN  groups  are  not 
responsible  for  inducing  any  unique  conformation  in  RARy.  Only  the 
3-chloro  group  ortho  to  the  COOH  group  distinguishes  MM  11453 
from  AHPN.  How  the  chloro  group  inhibits  transcriptional  activation 
remains  to  be  determined.  Both  its  steric  and  electronic  properties  may 
perturb  hydrogen  bonding  by  the  COOH  group  or  shift  van  der  Waals 
contacts  of  RARy  LBD  pendant  groups,  thereby  preventing  the  con- 
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Fig.  10.  Effect  of  MMI1453  on  LNCaP,  MCF-7,  and  MDA-MB-231  mitochondrial 
membrane  potential.  Cells  were  treated  with  or  without  1.0  /am  MM  11453  for  18  h  and 
then  with  Rhl23  as  in  “Materials  and  Methods."  Rhl23-fluorescencing  cells  are  expressed 
as  a  percentage  of  the  total. 
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Fig.  11.  Bcl-2  inhibits  Jurkat  mitochondrial  membrane  potential  decrease  by 
MM  11453.  Nontransfecled  cells  stably  expressing  vector  alone  ( Jurkat/Neo )  and  trans¬ 
fected  cells  stably  expressing  Bcl-2  {Jurkat/Bcl-2)  were  treated  with  1.0  /am  MM1 1453  or 
ethanol  alone  for  18  h  and  analyzed  for  change  in  mitochondrial  membrane  potential  as 
in  “Materials  and  Methods.” 
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MM  1 1453  retains  the  apoptotic  properties  of  AHPN  without  behaving 
as  a  competent  RARy  agonist  and,  thus,  indicate  that  RARy  activation 
is  not  required  for  apoptotic  activity.  The  recent  report  that  AHPN 
induces  apoptosis  in  RARy-negative  myeloma  cells  through  a  mito¬ 
chondrial  pathway  (46)  supports  this  conclusion.  Reporter  and  limited 
proteolysis  assays  on  MM  11453  and  AHPN  suggest  that  their  apo¬ 
ptotic  activity  does  not  involve  RARa,  RAR/3,  or  RXRa  activation. 

Transactivation  by  liganded  RARy  is  reported  to  correlate  with 
retinoid  toxicity  (53,  54).  The  lack  of  retinoid  receptor  activation 
activity  by  MM  1 1453  suggests  that  toxic  side  effects  characteristic  of 
retinoid  receptor  activation  (reviewed  in  Ref.  1 1)  should  be  reduced  in 
this  class  of  apoptosis  inducers,  thereby  affording  more  effective 
candidates  for  development  as  cancer  chemotherapeutic  agents. 

y 
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